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Abstract
The depleted Rousse field (Lacq, France) has proven its integrity while holding a gas accumulation at a pressure of 
480 bar, and has now been converted to a pilot for CO2 injection. The objective of the studies presented is to describe
the characteristics of the seal, qualify the relevant properties for its integrity, and assess its geomechanical integrity
through modelling. A conservative recommendation is made of not exceeding the initial caprock entry pressure for
the theroretical maximum CO2 storage pressure, which will remain much above the expected final effective storage
pressure anyway. 
CO2 geological storage; Rousse; Seal; Integrity; Geomecanics
1. Introduction
TOTAL conducts the Lacq CO2 pilot, a first in France, to demonstrate the technical feasibility and the
reliability of an integrated CO2 capture, transportation, injection and storage scheme from a boiler at a
1/10th reduced scale of an industrial project [1]. After capture at the Lacq plant site, CO2 is compressed
and conveyed via pipeline to the Rousse depleted gas field, 30 kilometers away, where it is injected into a 
deep carbonate reservoir.
The Rousse field initially held a gas accumulation containing 4.6% of CO2 and 0.8% of H2S at a
pressure of 480 bars. It was drilled and produced since 1972 by the only Rousse-1 (RSE-1) well. The 
reservoir for geological storage of CO2 is the depleted, 120 m-thick Jurassic Mano Dolomite Fm., located 
at a depth around 4200 meters below sea level. Well RSE-1 was converted into a CO2 injector early 2009. 
CO2 injection started early 2010 and is viewed to last until mid 2013. At mid 2012, 45 000 tons of CO2
have been injected so far.  
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2. Geological context and characteristics  
The Rousse geological structure is a deep, isolated, faulted jurassic horst, overlaid by a 4500m thick 
overburden series of turbiditic flysch deposits of Upper Cretaceous (Cenomanian) to Tertiary (Eocene) 
age [2], and localized within the Pyrenean foredeep basin (figures 1 and 2) [3]. It was delineated by the 
three Rousse wells (RSE-1, RSE-2 and RSE-3). Only wells RSE-1 and RSE-3 have encountered the 
Jurassic series and only well RSE-1 reaches the Mano dolomite. Well RSE-2 is outside the horst structure 
and calibrates Cretaceous series directly overlying the Permo-Triassic deposits. Cored material is 
available for both reservoir and overburden sections. 
Rousse horst originated from the pre-Pyrenean rifting, and is limited by ESE-WNW and NNW-SSE 
normal faults. It is made of Dogger and Malm series dipping 15 to 25° NE. The two regional hydrocarbon 
reservoir levels (Meillon Dolomite and Mano Dolomite Fm) interbedded with marly source rock level 
(Lons Marls Fm). The horst is wrapped in Cretaceous series that act as an efficient top and lateral 
caprock: Lower Cretacceous (Albian) clays as a lateral seal to the North, Upper Cretaceous flysch 
deposits as top seal. 
At Rousse, the Upper Jurassic levels have been truncated by the Base Upper Cretaceous Unconformity 
(BCS) erosion. The Upper Cretaceous (Cenomanian to Campanian) deposits have then been progressively 
onlaping along the BCS unconformity onto the paleo-high of Rousse. At well RSE-1, they represent a 
total thickness of 2500m from the top reservoir to the first overlying aquifer (Danian) at the base of 
Tertiary deposits. They consist mainly of thick marly flysch series deposited in the Pyrenean orogeny 
context, with few interbedded thin decametric levels of carbonated breccias interpreted as débris-flows.  
The geometrical and stratigraphic relationships between the Rousse reservoirs and the different 
Cretaceous units sealing the reservoir are therefore relatively complex and cannot be mapped in detail by 
3D seismic. They reflect the gradual filling of the W-E gutter corresponding to the opening of Gulf of 
Biscay, with associated turbiditic episodes initially of diachronous ages, filling the syn-tectonic flysch 
trough following an overall retrogradational trend. 
 
 Fig. 1  Cross sections through Rousse field : synthetic geological scheme and position of RSE-1 CO2 injection well 
(after Gapillou et al. 2011; [1]) 
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Fig. 2 - Regional lithostratigraphic column (after Biteau et al. 2006; [2]) 
2.1. Main Seal units and associated  lithologies 
The basal Upper Cretaceous interval onlaping the Rousse horst constitutes the seal for reservoir. Three 
main Upper Cretaceous seal units and associated lithological types are identified (figure 3), respectively 
the  Fm), and marly to silicoclastic 
turbiditic flysch series. The seal is cored at wells RSE-1 and -2. 
 The Rousse breccia debris flows deposits represent the basalmost, most proximal and most immature 
member of the filling process. It is calibrated by wells RSE-1 and RSE-2, above the BCS, but is absent 
on well RSE-3. Two distinct types were encountered, respectively  
- carbonaceous matrix of Cenomanian-Coniacian age embedding dolomite clasts reworked from the 
Upper Jurassic Mano dolomite (encountered and cored at RSE-2 only, 110 m thick ),  
- carbonaceous matrix of Campanian age embedding carbonates clasts of Aptian age (encountered 
and cored at RSE-1 only, 25m thick).  
 At  Rousse, these deposits are sourced from the North, but are neither directly mappable, nor visible on 
the seismic. The debris flow breccias deposits have a limited lateral extension and are laterally and 
vertically relayed by the Upper Cretaceous marly-calcareous turbidites. The flysch deposits represent a 
further expression of the sequential organization of the Upper Cretaceous marine, marly-calcareous 
turbidites, in a more distal and/or lateral position. These deposits are more mature and organized in 
fining-up sequences dominated by carbonates, with an increasing shaly content towards the top of the 
series. They also constitute the matrix for the Rousse breccia. Two sub-facies are distinguished, 
respectively  
- Alternations of blackish marls and calcareous shale with fine levels of silts series, constituting the 
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majority of the deposits. These facies are cored on RSE-1.
- The cherty limestones 
member of these deposits, and expressed only at well RSE-2 (130 m thick). These facies are cored
at RSE-2.
Fig. 3 Correlation of wells RSE-1, RSE-2 and RSE-3 in basal part of the Rousse seal deposits
2.2. Seal mineralogy
Samples analyzed show three distinct mineralogical signatures, globally evolving from 
dominant carbonate concentration (calcite and dolomite) originated from Mano dolomite clasts, into a 
matrix of same composition in highly heterogeneous sample 4 in Rousse breccia (RSE-2),
still dominant calcite minerals but with a noticeable higher concentration in quartz and clays in
shallower samples from overlying Campanian marly-calcareous flysch series (samples 1- 3 at RSE-2),
increasingly expressed clay and quartz minerals, representing 50% of total composition  in the
shallowest sample (sample 5 at RSE-1) in shalier flysch levels.
The overall evolution of the mineralogical composition is consistent with a vertical evolution of 
deposits from initial debris flow, upwards to more mature turbiditic to siliciclastic sequence of deposition.
3. Seal petrophysics
3.1. Porosity and permeability measurements
Various techniques were tested for petrophysical measurements adapted for such very low porosity and
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permeability seal lithologies. All identified main lithological types were analysed. The porosities are best 
evaluated through Helium injection (pycnometer) technique. Permeability was measured through gas 
injection technique at a confinement pressure of 100 bar. 
Measured porosity values are comprised between 1 to 3.5% and four distinct petrophysical groups are 
identified: 
- Upper Jurassic dolomitic clasts embedded in breccia, with a permeability close to that of Mano 
dolomite Reservoir (E-01 to E-03 mD), 
- the carbonaceous clasts and matrix components of the breccia (both of cretaceous age), with very 
low permeabilities (E-07 to E-08mD), 
- very low permeability carbonaceous turbidites (E-07mD), 
- and low permeability marls to calcareous marls (E-05 to E-06 mD). 
The jurassic dolomite clasts embedded in lowest units of the breccia might locally present reservoir 
qualities due to fracturations, as observed on RSE-2 where HC indices are observed in this interval (but 
not on RSE-1). However, the overlying calcareous matrix and calcareous clasts breccia unit of cretaceous 
age proves to have efficient seal properties. 
3.2. Capillary integrity 
Capillary entry pressure depends on the porous structure of the seal lithologies (size of biggest pores 
and or of micro-fractures), of the value of water/ CO2 interfacial tension, but also water wettability in 
presence of CO2. Measurements are challenging in such low permeabilities lithologies and require long 
experimental procedures (weeks to months). Samples are dried, and saturated under pressure in vacuum 
conditions, and dead volumes are saturated in gas. The average effective in situ constrain is applied by a 
confinement pressure on the plug. Unfortunately, capillary entry pressure for supercritical CO2 could not 
be measured precisely in the very low permeabilities seal lithologies of Rousse. Measurements by steps 
applied on 5 samples from wells RSE-1 and RSE-2 an proved to be unsuccessful and only a minimal 
value of 75-85 bar was reached [4].  
Therefore, a conservative base case is retained, considering capillary entry pressure equivalent to initial 
gas overpressure in the reservoir (apex at 4200 m) and the local water gradient. Capillary entry pressure is 
at least equal to the difference between the pressure at the apex of reservoir (480 bar) and the pressure of 
water at the same depth (432 bar) = 48 bar for initial gas. Considering an initial CH4- CO2 gas 
composition in the reservoir with 4.8% CO2, interfacial tension is 35.1mN/m. The resulting value for 
interfacial tension for pure CO2 is around 20 mN/m [5]. The resulting Capillary Entry Pressure for CO2 is 
therefore of 27 bar. This would lead to a maximum injection pressure of around 460 bar, a value much 
superior to the final pressure which will eventually be reached after injection of 90 000 tons of CO2 only. 
Furthermore, no alteration of the wettability in the seal is expected [6]. 
4. Fault integrity 
Structurally, the Rousse reservoir belongs to a compartmentalized horst structure and is limited by 
normal faults, more likely associated to Albo-Aptian rifting phase [2]. The Base Upper Cretaceous 
unconformity (BCS) erodes the top and part of the flanks of the structure, and plays a major disconnecting 
role.  Fault at reservoir are mainly sealed by the BCS. Only marginally do some of them show limited 
expression in post-BCS series but are sealed at the base of the Campanian flysch deposits. Faults at Upper 
Cretaceous seal are posterior and clearly disconnected from those at reservoir, since they originate above 
the BCS, and show a distinct orientation. 
The stability of these faults is assessed in the geomechanics studies. 
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5. Geomechanics study 
From the geomechanical standpoint, for a seal to be effective, voids in the matrix as well as in 
fractures and faults must be small under the current effective stress to stop any leakage from the 
reservoirs underneath.  The former petrophysical analysis proved that capillary effects are sufficient to 
block fluids migration through the matrix porosity. Leaks, if any, are therefore only possible through 
hydraulically open fractures and faults. As mentioned earlier, the seal of Rousse was able during the 
geological history to hold reservoir pressures which are above hydrostatic. However, between the initial 
state and the start of CO2 injection, the reservoirs were heavily depleted. It is well known that reducing 
the pressure in a reservoir results in compaction in the producing interval and stretching / shearing in the 
overburden, which might damage the seal reducing its ability to retain pressures as high as the ones that 
prevailed before depletion. For those reasons, calculations of the current safe CO2 pressures must 
consider the whole cycle of depletion and injection.  
To evaluate the safe pressure envelop of the seal on Rousse, a comprehensive geomechanical study 
was performed which included 
 1D Mechanical Earth Model (MEM) for the reservoir and the overburden which provide at a given 
well positions data for controlling the stresses and mechanical properties in the full field model.  
 3D reservoir coupled geomechanical model. The finite element grid of such model is obtained by 
embedding the reservoir grid with over-burden, under-burden and side-burdens. The model is then 
populated with elastic and strength properties based on 1D MEMs. The initial state of pressure is 
controlled by the reservoir model in the active grids and by 1D MEM elsewhere. The initial stress state 
is obtained by equilibrating the model under gravity and boundary conditions that are adjusted to 
match the stresses obtained by 1D MEMs. 
 One way coupled simulations whereby the changes of pressures calculated by the reservoir model are 
introduced as loads into the geomechanical model which then calculates the resulting in changes of 
stresses and strains.  
 Investigation of induced damage, if any, in the cap rock during depletion. 
 Simulation of the CO2 injection phase and determination of the seal integrity envelop taking into 
account stress changes and potential subsequent damage during both depletion and injection periods. 
5.1. 1D MEM 
Data from the well RSE-1was used to build a 1DMEM. Depth profiles of poro-elastic properties that 
fficient obtained from the 1D MEM are shown in 
figure 4. Due to insufficient data necessary to constrain the stress model, four stress profiles were 
proposed. The most conservative among them (figure 5) was implemented in the 3D model.  According to 
this model, the stress regime is normal from ground level down to top reservoirs with a maximum 
horizontal stress oriented N-S. At greater depths, the stress regime changes from normal to strike-slip in 
hard intervals and the direction of the maximum horizontal stress rotates by 90° toward E-W. This model 
is consistent with regional tectonic settings and account for stiffness changes between hard carbonate 
reservoirs and softer shale or marl intervals as can be seen in figure 4.  
It is worth to mention that the data that was available to calibrate the 1D MEM are breakouts from 
calipers, few leak-off tests and triaxial tests on core samples from the reservoir and its overlying seal.  
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Fig. 4  Depth Profiles of poro-elastic properties on well RSE-1 
 
Fig. 5  Depth Profiles of stresses and pressure on well RSE-1 
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5.2. 3D MEM 
The reservoir grid is structured and has dimensions in the I, J, K directions of 96 x 151 x 13 yielding a 
total of 188 448 grid blocs. Figure 6 shows the active and inactive cells of the reservoir grid. Five seismic 
horizons were imported from the geological model and the space between them was subdivided into a 
total of 50 layers. The final model dimensions are 116 x 161 x 69 which corresponds to 1 368 684 grid 
cells. To complete the geometry, 18 fault planes were imported into the geomechanical model. Figure 7 
illustrates the final 3D model and its various components obtained after reservoir grid embedment and 
definition of fault elements. 
 
 
 
Fig. 6  Grid of the reservoir model used as a base to construct the 3D MEM, left : active grid blocs. right : all grid blocs. 
 
 
 
Fig. 7  Full 3D geomechanical model (on the left) and its various components (on the right) 
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The 3D model was populated with mechanical properties on a layer by layer basis according to vertical 
depth profiles from the 1D MEM of well RSE-1. Elastic and strength properties over a cross section 
passing by the J line 81 are portrayed in figure 8 and figure 9. 
 
 
 
 
Fig. 8  Elastic properties over a cross section cutting along J line 81 
  
 
 
Fig. 9  Mohr-Coulomb shear failure criterion properties over a cross section cutting along J line 81  
 
In the reservoir intervals in particular, a modified model was also tested whereby effective elastic and 
strength properties were assigned to grid blocks to account for natural fractures. According to a 
geological study based on the examination of reservoir cores (figure 10), four families varying in density 
and orientation, all of them are sub-vertical, could be identified. The effective properties of fractured 
blocks were obtained through homogenization techniques taking into account the individual properties of 
fractures (normal and shear stiffness) and of the matrix. 
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Fig. 10  Example of fractures observed on reservoir cores and a schematic of their characteristic scales (on the left) 
5.3. Seal failure criteria 
An initially sealing cap rock would mechanically fail when the conditions of either fracture 
propagation or fault reactivation is attained. To determine the condition of fracture propagation, three 
cases might be envisaged  
1. Induced fracture propagation, taking place in three steps 
 Fracture initiation when the effective stress in the seal at the interface with the reservoir overcome the 
shear or tensile strength of the cap rock 
 Penetration of the pressure from the reservoir preferentially into the newly created fracture 
 Propagation of the fracture, should the criterion of propagation if fulfilled 
2. Propagation of preexisting but initially closed fractures. The only difference with induced fracture 
is that the initiation phase is not necessary and is replaced by fracture reopening due to stress 
rearrangement in the cap rock. 
3. Propagation of preexisting and initially fluid conducting fracture, in which case the initiation or the 
reopening phases are unnecessary. 
In general, considering only mode I fractures that are the easiest to propagate, case 3 would give the 
lowest safe pressure. Nevertheless, within the same case, the fracture propagation pressure is not constant 
but depends on the size of the fracture and its orientation relative to in-situ-stresses. From linear fracture 
mechanics, the criterion of propagation of a mode I planar fracture is  
 
Where  is the stress perpendicular to the fracture plane. The right hand side of the equation can be 
seen as a tensile strength and is function of rock toughness KIC and of the fracture size a. Knowing the 
uncertainty in determining pre-existing fractures orientations and sizes, not to mention rock toughness, 
the safe pressure must be calculated for the worst case scenario which that of a pre-existing open fracture 
perpendicular to the minimum stress and of zero fracture tip tensile strength. This scenario leads to the 
very simple and well known criterion of seal integrity which is  
 
4622.8m preserved open f racture despite
partial dolomitic mineralisation
Fracturation Spacing Thickness Height Lenght Orientation
1 Diffuse 2 to 10cm 0,001 to 5mm metric metric E-W & N-S
2 Corridor 30m - 50m 2 to 5m Mano hectometric E-W & N-S
(excep. 100m)
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More restrictive criteria might be necessary to calculate the safe pressure with respect to faults acting 
as natural weaknesses that do not need to propagate but only to be shear reactivated or reopened. Note 
that shear reactivation poses a risk if it is accompanied by shear dilation which enhances the fault 
permeability. To avoid the enhancement of fault permeability, the two following criteria must be 
therefore respected 
 No reopening  :   
 No shear slip :   
The normal and shear stresses applied to the fault plane can be expressed as function of principal 
stresses and of the fault dip and azimuth.  
Before the depletion of Rousse reservoirs, the pressure at top reservoir (4540 m depth) was 48 MPa. 
The minimum stress is estimated to be at least equal to 68 MPa which is above the criterion of fracture 
propagation. Considering a conservative value of fault friction angle of 30° and a zero fault cohesion, 
which are much less than what was measured during lab tests, a critically oriented fault will be able to 
hold 50 MPa of pressure without being shear reactivated.  
5.4. Results of the 3D geomechanical model 
As explained in the previous paragraph, the initial pressure in the Rousse field is compatible with 
fractures and faults stability and might be used as a reference for safe pressure calculation during CO2 
injection. The only reason to reduce the safe pressure would be due to damage that might have occurred 
during the depletion phase, which is investigated in this section based on the 3D geomechanical model 
results.  
To illustrate those results, depth profiles of pressures and stresses are drawn along two vertical lines, 
one along the well RSE-1 and another one passing by the reservoir crest where the risk of cap rock 
fracturing is the highest. Four time steps are investigated: start of production (1968), end of depletion 
(end of 2009), pilot phase of CO2 injection (2015), theoretical simulation of continued CO2 injection 
(until 2020) beyond the pilot phase with an increase of pressure up to 600 bar.  
Depth profiles of pressures and of minimum effective stresses along the two vertical lines defined 
above are shown in figure 11 and figure 12. According to those figures, there is almost no change of 
stress outside the reservoirs. This result is not that surprising given the fact that the reservoir is very stiff. 
The higher the stiffness though, the weakest is the coupling between pressure and stress which is 
materialized by a very low Biot Coefficient. Also, the stiffness reduces the displacements in the reservoir 
and its impact on deformations in the cap rock. Indeed, the maximum displacement at top reservoir 
calculated by the geomechanical model is 2.7 cm even after 45 MPa of pressure depletion. 
Based on those results, the following can be concluded 
 The depletion phase did not induce any mechanical damage to the cap rock of Rousse 
 From the geomechanical point of view, it is safe, if needed, to bring back the pressure at least to its 
initial value while injecting CO2  
 There is room to go to higher pressures than initial, but more data about faults properties, especially 
cohesion, and more drastic monitoring plan would be necessary for a safe design.   
 Rousse reservoir is ideal for CO2 storage  as it owns significant storage capacity that can be easily 
estimated from the extracted gas volume and it shows little stress/deformation sensitivity to pressure 
changes, which is a must for safe injection.  
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Fig. 11  Pressures and minimum effective stresses along the well RSE-1 obtained by the 3D Geomechanical model at 4 time steps 
 
 
 
 
Fig. 12  Pressures and minimum effective stresses along a line passing by the crest of the reservoir obtained by the 3D 
Geomechanical model at 4 time steps 
6. Conclusions 
A full suite of geological characterization and of geomecanical modelling studies was performed to 
better qualify the seal properties in the Rousse depleted gas reservoir, and the impact of CO2 injected on 
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its integrity. The main findings of the geological characterization are the following 
 The seal of Mano dolomite reservoir is composite resulting from various lithological units both 
vertically and laterally 
 The overall vertical evolution of mineralogical composition is from dominantly carbonaceous 
(dolomitic then calcitic) at the base of the seal, to an increasing clay content towards the top 
 Four distinct petrophysical groups are identified, with very low properties: porosities range between 1 
and 3.5% and  permeabilities do not exceed E-05md in effective seal layers 
 Capillary entry pressure measurements failed to provide reliable results. However, a conservative case 
is retained, considering capillary entry pressure equivalent to initial gas overpressure in the reservoir 
and the local water gradient. The resulting value equivalent for CO2  is therefore of minimum 27 bar 
 A maximum injection pressure would therefore be around 460 bar.  
 Faults at seal are disconnected from those present at the reservoir level. 
 
Key conclusions from the geomechanical studies  are that 
 No mechanical damage to the cap rock of  Rousse has been induced by depletion phase 
 Geomechanics concludes that a pressure equivalent to initial gas field pressure value can be reached 
safely by CO2 injection, but results from capillary entry pressure cautionary impose a lower value 
 Higher pressures than initial could be reached, but would require more data about faults properties, 
especially cohesion, and to design a more drastic monitoring plan  
 Rousse reservoir is ideal for CO2 storage, with significant storage capacity (estimated from the 
extracted gas volume) and little stress/deformation sensitivity to pressure changes, which is a must for 
safe injection.  
These studies bring additional confidence that injection of 90 000 tons of CO2 has a no impact on seal 
integrity at Rousse, considering that the final storage pressure will remain much below the initial gas 
pressure anyway. Furthermore, no geochemical alteration of the caprock  is expected  since reservoir 
modeling show a rapid convection towards the bottom of the reservoir and consequent reduced exposition 
to injected CO2 [7]. 
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